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Abstract 
This document describes a calibration protocol with the intention to introduce 
a guide to standardize the metrological vocabulary among manufacturers of 
image-guided surgery systems. Two stages were developed to measure the errors 
and estimate the uncertainty of a neuronavigator in different situations, on the 
first one it was determined a mechanical error on a virtual model of an acrylic 
phantom, on the second it was determined a coordinate error on the 
computerized axial tomography scan of the same phantom. Ten standard 
coordinates of the phantom were compared with the coordinates generated by 
the NeuroCPS. After measurement model was established, there were identified 
the sources of uncertainty and the data was processed according the guide to the 
expression of uncertainty in measurement. 
 
Keywords 
Image-guided surgery, optical tracking, error, uncertainty, acrylic phantom, 
metrology 
 
Resumen 
Este documento describe un protocolo de calibración con el objetivo de 
introducir una guía que estandarice el vocabulario metrológico entre los 
fabricantes de sistemas de cirugía guiada por imágenes. Se desarrollaron dos 
etapas para medir los errores y estimar la incertidumbre de un neuronavegador 
en diferentes situaciones, en la primera se determinó un error mecánico en un 
modelo virtual de una estructura acrílica, en la segunda se determinó un error de 
coordenadas sobre imágenes de tomografía axial computarizada de la misma 
estructura. Diez coordenadas de referencia de la estructura acrílica se 
compararon con las coordenadas generadas por el neuronavegador. Después de 
establecer el modelo de medición, fueron identificadas las fuentes de 
incertidumbre, los datos se procesaron de acuerdo a la guía para la expresión de 
la incertidumbre de medida. 
 
Palabras clave 
Cirugía guiada por imágenes, seguimiento óptico, error, incertidumbre, 
estructura acrílica, metrología. 
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1. INTRODUCTION 
 
The Neuronavigation is a technology 
that allows a real-time intraoperative 
guidance in neurosurgery. Also termed 
“frameless stereotactic surgery”, these 
systems have been demonstrated to convey 
several advantages, improving the plan-
ning and performance of image-guided 
surgery [1] [2]. In neuronavigation, the 
position of surgical tools is tracked during 
an operation and visualized on the pre-
operative obtained images such as magnet-
ic resonance (MR) and computed tomogra-
phy (CT). 
The main objective of neuronavigation 
is to see the tip of a pointer superposed on 
medical images during a surgical proce-
dure. Although there are neuronavigation 
devices based on a variety of digitization 
techniques, all of them have a very similar 
operation methodology. At first, it is re-
quired to build an image space by using a 
volumetric sequence of medical images, 
generating a patient’s virtual reconstruc-
tion. This information allows to the spe-
cialist realizes the surgical planning, defin-
ing a region of interest, targets and trajec-
tories that must be followed during sur-
gery. A relationship between the device 
space, in which is located the real patient, 
and the image space has to be established 
for translating the defined elements in 
surgical planning, this procedure is called 
registration or calibration of the navigation 
device, and always requires a 3D spatial 
digitization system for matching coordi-
nates between real and virtual spaces. 
After calibration, the digitization system 
can transform any recognizable point of 
interest in scene for its visualization over 
the virtual anatomical structure. 
Neuronavigation implies high accuracy, 
that is, the correspondence between the 
images acquired by cameras and the medi-
cal images (MR and/or CT) must be great-
est as possible, because the neurosurgeon 
trusts on this mixed virtual representation 
during the surgical procedure [3]. In this 
sense, the importance of quantifying the 
capabilities of the neuronavigation tech-
nology is justified. 
Each stage described above, imple-
mented in a navigation system, introduces 
an error and uncertainty source to the 
computed measurements. In this way, to 
ensure a suitable device behavior it is nec-
essary to evaluate the individual contribu-
tion of each stage. The medical image reso-
lution depends on acquisition technology, 
and this is a limit for the navigation sys-
tem resolution. Then, the performance of 
the digitization system in the three-
dimensional coordinate measurement 
space is limited only for medical image 
resolution after registration task. 
In that way, the metrology gets in-
volved as it includes practical and theoreti-
cal determinations in any field of science 
and technology, providing a methodology 
for assessing the measurements of a pro-
cess and taking appropriate decision for 
approving it or not. 
A new navigation system, called Neu-
roCPS, is being developed. In this point 
was born the necessity of quantifying the 
error of NeuroCPS and then to follow the 
evolution of the system. After this it could 
be necessary to confront the results with 
the performance of other commercial sys-
tems. Even though, a comparison of publi-
cations made by Grunert [4] in relation to 
the accuracy of navigation devices is hin-
dered by the different methods and param-
eters measured and its statistical evalua-
tion, and even the unit in millimeters can 
differ, referring either to linear range error 
relative to the 𝑥/𝑦/𝑧 coordinate axis or the 
Euclidean distance d in space [4]. Moreo-
ver, several works [5]–[13]showed that the 
error is reported as the mean (average 
value) along with the standard deviation, 
which shows how much variation or dis-
persion exists from the mean. Neverthe-
less, according the international vocabu-
lary of metrology, this deviation is not a 
sufficient parameter for expressing the 
uncertainty of a measurand. 
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Therefore, the aim of this study is to 
propose a standard methodology to deter-
mine the error and uncertainty of a Navi-
gation system, comparing the coordinates 
of a standard reference against the meas-
urements obtained by a digitization sys-
tem, represented on both, a CAD model 
and a real tomography image of a phan-
tom. All procedures proposed are based on 
the “International Vocabulary of Metrolo-
gy” [14], the “Guide to the expression of 
uncertainty in measurement” [15], and the 
“ASTM F2554 Standard Practice for Meas-
urement of Positional Accuracy of Comput-
er Assisted Surgical System.” [16]. 
 
 
2. METODOLOGY 
 
2.1 Neuronavigation system 
The neuronavigation device used for 
this study is the NeuroCPS. It consists of a 
workstation that performs a planning 
software, a structure on which two optical 
sensors are mounted, a control volume for 
initialize the system, a patient tracker, a 
pointer and removable accessories for sur-
gical instruments (Fig. 1). The NeuroCPS 
is an underdevelopment technology, and 
the main goal of this article is to present a 
methodology for validating the perfor-
mance of the system in accordance to in-
ternational standards. This new neuronav-
igator is proposed to work with a par of 
digital cameras conforming a stereo vision 
system. Two Flea2-Point Grey color cam-
eras were used in this prototype, with a 
resolution of 1240x960 at 15 fps. Surgical 
tools are detected in images using geomet-
rical markers attached to the tools. Each 
marker is designed with geometrical and 
contrast patterns, so it is easy to recognize 
the tool using image processing algorithms 
(Fig. 1 d). The software of NeuroCPS takes 
a set of MRI or CT DICOM images and 
builds a 3D model of the patient. The soft-
ware also allows to set the surgical ap-
proach. It was developed in Visual Studio 
and is supported by OpenCV and VTK. 
There are three fundamentals phases 
for using the system, the first step consists 
in attaching four fiducial markers to the 
patient’s head (in this case, the lateral 
zone of the phantom), and acquiring the 
medical images, these fiducial markers 
appear as a bright object on CT and MR 
scans. The next step consists in the space 
digitization, that is, the initialization of the 
high resolution cameras that are responsi-
ble for the 3D reconstruction of the objects 
in real physical coordinates using stereo 
vision algorithms. The last step is the reg-
istration, it is the determination of one-to-
one mapping between the coordinates in 
one space and those in another, such that 
points in the two spaces that correspond to 
the same anatomical point are mapped to 
each other [2], [3], [13], [16]–[20], which is 
done identifying each fiducial marker on 
the patient with the pointer and repeating 
this on the medical images by using the 
software tools. 
When these phases are accomplished, it 
is possible to navigate in the phantom 
space using the pointer. The cameras can 
follow the position of the pointer, and this 
position can be expressed in coordinates 
belonging to the phantom’s reference sys-
tem. 
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(a) Workstation with planning software and acrylic reference phantom 
   
(b) Control volume (c) Patient tracker (d) Surgical instruments 
Fig. 1 (a,b,c,d). Neuronavigation system used for the development 
of the methodology. Source: Authors. 
 
2.2 The phantom 
 
As stated in the document ASTM F2554 
the phantom is a standardized measure-
ment object and is used for evaluating the 
accuracy of the tracking system. Material 
and shapes of phantoms can differ depend-
ing the final purpose of the system and the 
technology used for medical images. Even 
though, it is important to measure the 
phantom with a coordinate measuring 
machine or similar measurement device 
traceable to the International System of 
Units, so it can be used as a reference 
standard [16]. An acrylic phantom was 
modified and fitted for testing the frame-
less system (Fig. 2). The phantom has a 
shape resembling a cylinder (height 13 cm; 
diameter 14 cm), the superior cover can be 
removed in order to reach the internal 
targets. The phantom can be filled with 
water to obtain MR images and differenti-
ate the internal components. It has inside 
two parallel plates with twelve cylindrical 
bars including two ramps and a cuboid. On 
the lateral surface, ten adhesive fiducial 
markers are mounted for the registration 
procedure. The coordinates of ten targets of 
the phantom were calibrated in the Labor-
atorio de metrología dimensional del Insti-
tuto Nacional de Metrología de Colombia 
(Dimensional Metrology Laboratory of the 
National Institute of Metrology from Co-
lombia) with a coordinate measuring ma-
chine. These targets are called the refer-
ence coordinates (Fig. 3c). 
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(a) Acrylic phantom (b) Superior view 
 
 
(c) Front view (d) Lateral view 
Fig. 2. Acrylic phantom used like a standardized measurement object.  
Source: Authors. 
 
2.3 Image acquisition 
 
A CT of the phantom was performed in 
a General Electric HiSpeed Dual Scanner 
with slice thickness of 1.0 mm, image reso-
lution of 512 x 512 pixels and pixel spacing 
of 0.45 mm.  The data were transferred to 
the NeuroCPS system on an optical disk. 
 
2.4 Errors of the navigation systems 
The terminology for describing metrolo-
gy characteristics of the neuronavigation 
systems plays an important role for under-
standing the concepts and avoiding mis-
used terms, that is why the terms: error, 
uncertainty, precision and accuracy must 
be specified. In this sense, error is a meas-
ured quantity value minus a reference 
quantity value; uncertainty is a non-
negative parameter characterizing the 
dispersion of the quantity values being 
attributed to a measurand; precision is the 
closeness of agreement between indications 
or measured quantity values obtained by 
replicate measurements on the same or 
similar objects under specified conditions; 
and accuracy is the closeness of agreement 
between a measured quantity value and a 
true quantity value of a measurand  [14]. 
According to Grunert [4] the neuronav-
igation systems have a technical error, a 
registration error and an application error. 
Technical error indicates how reliably the 
navigation device can define its own posi-
tion in space. Registration error is related 
to coordinate transformation [21]; it de-
pends on the technical error of determining 
the fiducials by the navigation device in 
the image space. Application error reflects 
the overall error during the whole proce-
dure, it includes technical error, registra-
tion error, and changes in the anatomic 
structures during the procedure [4]. In this 
document the concept of technical error 
will be used to assess the behavior of the 
system, first, in a virtual model of the 
phantom, where the error will be named 
“mechanical error” from now on 𝐸𝑚, sec-
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ondly, in the medical images of the phan-
tom, where the error will be named “coor-
dinate error” from now on 𝐸𝑐. 
 
2.5 Measurements  
 
2.5.1 Measurement model 
 
It is the mathematical relationship 
among all quantities known to be involved 
in a measurement [14]. In this measure-
ment model the principles of the Pythago-
rean theorem are used to obtain the dis-
tance between two points in a three-
dimensional space. Assuming that 
𝑃1(𝑥1, 𝑦1, 𝑧1) is a reference point of the 
phantom and 𝑃2(𝑥2, 𝑦2, 𝑧2) is the same point 
showed by the NeuroCPS, the distance 
between them can be expressed as follows: 
 
|𝑃1𝑃2| = √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2 + (𝑧2 − 𝑧1)2 (1) 
 
From the equation (1) can be obtained 
𝐸𝑚and 𝐸𝑐: 
 
𝐸𝑚 = √(?̅?𝑚𝑥 − 𝑉𝑟𝑥)2 + (?̅?𝑚𝑦 − 𝑉𝑟𝑦)2 + (?̅?𝑚𝑧 − 𝑉𝑟𝑧)2 
(2) 
Where: ?̅?𝑐𝑥, ?̅?𝑐𝑦, ?̅?𝑐𝑧 are the measured 
values of the coordinates 𝑥, 𝑦 and 𝑧  respec-
tively. 
 
2.5.2 Measurement method 
The measurement method used was di-
rect, without supplementary calculations 
based on a functional relationship between 
the measurand and other quantities actu-
ally measured. 
The virtual model of the phantom was 
made through a computer assisted design 
tool and it allows to visualize the ten refer-
ence points (bottom of Fig. 3). In the be-
ginning the NeuroCPS is initialized using 
the steps mentioned above in the section 
“Navigation system”, the registration error 
of the four fiducial markers on the phan-
tom must be less than 2 mm, it is possible 
to try three times to be under that bound, 
if not, the system must be initialized again. 
Once this step is done, the pointer is 
brought onto the edge of each target and 
the coordinates reported by the system are 
saved (Fig 3a). With this information (1) 
computes the distance in the 3D space 
between the actual point and the calculat-
ed position of the target.  
 
 
(a) Snapshot of the NeuroCPS software, here the two cameras are detecting the geometrical markers of the pointer 
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(b) Visualization of the pointer in the CAD model 
of NeuroCPS software 
(c) Reference phantom’s points 
Fig. 3. Measuring 𝐸𝑚 on phantom’s CAD model. Source: Authors. 
 
 
(a) Localization of the pointer on the phantom. 
 
(b) Visualization of the pointer over the 3D model reconstructed from CT images 
Fig. 4. Measuring 𝐸𝑐 on phantom’s medical images. Source: Authors. 
 
For measuring 𝐸𝑐 is required to load 
the DICOM files of the phantom’s med-
ical images in the software, and per-
forming the steps described in the last 
paragraph. In this case it has to be 
used (2). The Fig. 4 shows the location 
of the pointer in real time in phantom’s 
medical images. 
 
2.5.3 Uncertainty estimation 
The uncertainty of the result of a 
measurement reflects the lack of exact 
knowledge of the value of the measurand 
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[14]. To describe the uncertainty of the 
NeuroCPS is necessary to know its compo-
nents from the measurement model, which 
were previously described for 𝐸𝑚 and 𝐸𝑐. 
The components found in this work are 
expressed in Table 1: 
NeuroCPS resolution 𝛿𝑟𝑒𝑠, refers to the 
smallest change in the tip of the pointer 
that causes a perceptible change in the 
corresponding indication of the coordinates 
𝑥, 𝑦 and 𝑧. 
The sources described above must be 
associated with (2) and (3) as corrections, 
whose nominal values will be 0, and they 
will not be part of the final error, but they 
will be taken into account for uncertainty 
estimation process. 
 
Table 1. Uncertainty sources. Source: Authors. 
Sources 𝑬𝒎 𝑬𝒄 
Indication of the instrument under test   
Phantom calibration certificate   
NeuroCPS resolution 𝛿𝑟𝑒𝑠   
Pixel spacing (x,y) 𝛿𝑥𝑦 x  
Space between slices (z axis) 𝛿𝑧 x  
 
 
𝐸𝑚 = √(?̅?𝑚𝑥 − 𝑉𝑟𝑥)2 + (?̅?𝑚𝑦 − 𝑉𝑟𝑦)2 + (?̅?𝑚𝑧 − 𝑉𝑟𝑧)2 + 3𝛿𝑟𝑒𝑠 
(3) 
 
𝐸𝑐 = √(?̅?𝑐𝑥 − 𝑉𝑟𝑥)2 + (?̅?𝑐𝑦 − 𝑉𝑟𝑦)2 + (?̅?𝑐𝑧 − 𝑉𝑟𝑧)2 + 3𝛿𝑟𝑒𝑠 + 𝛿𝑥𝑦 + 𝛿𝑧 
(4) 
 
For evaluating and expressing uncer-
tainty in measurement are implemented 
two computational frameworks based on 
the “Guide to the expression of uncertainty 
in measurement” [15]. This guide estab-
lishes general rules for evaluating and 
expressing uncertainty in measurement 
that can be followed at various levels of 
accuracy and in many fields 
 
 
3. RESULTS AND DISCUSSION 
The results from testing the me-
chanical error are shown in the Fig. 5. 
The 19 measurements correspond to 
the average of the ten phantom’s target 
points, the mean of them is 1,8 mm, the 
expanded uncertainty is obtained by 
multiplying the combined uncertainty 
by a coverage factor. In general, the 
value of the coverage factor 𝑘 is chosen 
on the basis of the desired level of con-
fidence to be associated with the inter-
val defined by the expanded uncertain-
ty. The result is expressed as 1,8 mm ± 
2,0 mm, with a coverage factor 𝑘= 2,1 
and a confident interval of 95%. 
. The results of the coordinate error are 
shown in Fig. 6. There were made 17 
measurements, and the data was processed 
as it previously stated. The mean of them 
is 2,5 mm with an expanded uncertainty of 
2,1 mm, a coverage factor 𝑘= 2,1 and a 
confident interval of 95%. 
Standarizing the accuracy evaluation of 
the Computer-Integrated Surgery systems 
(CIS) have been the goal of some interna-
tional bodies [18], but currently there are 
not accepted regulations. The implementa-
tion realized in this work could contribute 
to introduce protocols that correctly apply 
the conventional concepts of metrology  
for quantifying the error and the uncer-
tainty of a navigation system. 
The information obtained in these re-
sults establishes the baseline of the sys-
tem, allowing the manufacturer a guide-
line for controlling how it behaves every 
time improvements are done. It should be 
clarified that the proposed procedure al-
lows quantifying the system error, howev-
er, the acceptance of the results and ap-
A phantom-based study for assessing the error and uncertainty of a neuronavigation system 
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proval of the system to be used in surgery 
depends on the application and the re-
quirements of the clients. Maximum accu-
racy is desirable, but not all neurosurgical 
procedures required it. For identifying 
brain and bone structures and credible 
target location, at the beginning of surgery, 
an error of 3-4 mm is enough; which is 
lower than the obtained by most of the 
surgeons by themselves [19]. Regarding 
the errors obtained with the NeuroCPS, 
𝐸𝑚=1,8 mm and 𝐸𝑐 = 2,5 mm, it is shown 
that the system is achieving the require-
ments for clinical environments. However, 
it is mandatory to perform clinical research 
for assessing the behavior of the system in 
real procedures.  On the other side, it must 
be said that the results still remain outside 
the mean of current navigation systems, 
which are in the range of 0,1 mm to 0,6 
mm [4].  
 
 
Fig. 5. Mechanical Error in 19 measurements of 10 target points. Each measurement is the average  
of the 10 target points of the phantom. Source: Authors. 
 
 
Fig. 6. Coordinate Error in 17 measurements of 10 target points. Each measurement is the average 
 of the 10 target points of the phantom. Source: Authors. 
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Uncertainty values depends on medical 
images and their voxels size, also depends 
on phantom calibration certificate, but the 
bigger contribution comes from the resolu-
tion and the indication of the instrument 
under test. The resolution of the system 
can be improved upgrading the algorithms 
for marker detection, and using markers 
with more detectable features for increas-
ing the confidence in positioning results. 
The standard deviation in the localization 
of the tip of the pointer shows that 𝑥 and 𝑦 
coordinates causes the major uncertainty, 
it can be related to problems with the pa-
tient registration stage. 
 
 
4. CONCLUSIONS 
 
In this research was possible to obtain 
the error and the uncertainty of a specific 
underdevelopment neuronavigation sys-
tem, the NeuroCPS, following a proposed 
validation method based in the interna-
tional standards and the official vocabu-
lary. In the first stage was tested the per-
formance of the stereo vision system, in the 
second part was assessed the medical im-
age processing module. 
The measurement of mechanical error 
and coordinate error explains the behavior 
of the device; this measurement can be 
implemented in a protocol with the goal of 
finding the influence of any external varia-
bles to the system. 
Mechanical error and coordinate error 
can be measured not only in image guided 
surgery systems based in stereo vision 
systems, but also in other kind of technolo-
gy. 
The need to encourage the implementa-
tion of standardized measurement proto-
cols is identified in the state of art of navi-
gation systems. Some of the reviewed liter-
ature do not apply the International Vo-
cabulary of Metrology in them researches 
and misunderstand the definitions of error, 
uncertainty and others variables used for 
the correct inter comparison between de-
vices and brands. 
Current protocols for the error meas-
urement, found in the state of the art, are 
valuable for both comparing the perfor-
mance of different brands, and observing 
the evolution of a particular system. How-
ever, these protocols use standard devia-
tion like the expanded uncertainty. The 
proposed methodology includes the system 
resolution, the medical image resolution, 
and the standard uncertainty in the com-
putation of the expanded uncertainty. This 
way was not only introduced a more relia-
ble representation of uncertainty, but also 
a more descriptive variable.  
In general, was noticed that existing 
protocols do not let identify the principal 
source of error in the system, which can be 
helpful for developers. As a future work, 
trend data analysis of error measurement 
must be implemented as part of the proto-
col in order to find the principal sources of 
error of the system. 
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